Abstract. We recently demonstrated that the hepatic cytochrome P-450 (CYP) isoform 1A2 is downregulated in sepsis, which appears to play an important role in the inflammatory response and liver injury. However, the mechanism responsible for the decreased CYP1A2 remains unknown. Since the transcription factor aryl hydrocarbon receptor (AhR) regulates the expression of CYP1A2 and the disruption of the AhR gene causes liver injuries, we hypothesized that downregulation of AhR plays an important role in the reduced hepatic CYP1A2 during sepsis. Adult male rats were subjected to sepsis by cecal ligation and puncture (CLP). Hepatic tissues were collected at 5, 10, and 20 h after CLP or sham-operation. The gene expression of AhR was assessed by RT-PCR technique. Its protein was determined by Western blot analysis. In addition, subcellular localization of AhR was examined by immunohistochemical staining. The results indicate that hepatic AhR gene expression decreased at 5 h and remained downregulated at 10-20 h after CLP. AhR protein levels were significantly reduced at 10-20 h after CLP. Immunohistochemical examination showed that AhR was mainly located in hepatocyte cytoplasm in sham animals. The translocation of AhR from the cytoplasm to the nucleus was observed in septic animals. The downregulation of hepatic AhR and CYP1A2 observed in septic animals does not appear to be due to the elevated endotoxin levels since administration of polymyxin B (an endotoxin-binding agent) did not affect AhR and CYP1A2 gene expression. However, proinflammatory cytokines tumor necrosis factor-α and interleukin-1ß decreased AhR and CYP1A2 expression. As AhR activates the specific gene expression by binding to the target genes, the translocation of AhR to the nucleus in sepsis would suggest that alterations at AhR binding sites may also contribute to the downregulated CYP1A2 expression in sepsis. Since AhR gene expression decreased earlier than the occurrence of depression of CYP1A2 (CYP1A2 decreased at 10-20 h post CLP), the decreased AhR may play an important role in downregulating hepatic CYP1A2 during the progression of sepsis.
Introduction
The incidence of sepsis and septic shock has increased significantly despite improvement in the management of septic patients with systemic antibiotics, surgical intervention, aggressive fluid resuscitation, and careful monitoring (1, 2) . There is a progressive deterioration of cell and organ functions and even death in the septic host, which might be delayed or even prevented by intervention with pharmaceutical agents against and/or modulating various proinflammatory mediators. The animal model of polymicrobial sepsis induced by cecal ligation and puncture (CLP) mimics various features of clinical sepsis-peritonitis. The CLP model of sepsis is associated with an early, hyperdynamic phase (characterized by increased cardiac output and tissue perfusion, and decreased vascular resistance) followed by a late, hypodynamic phase (characterized by reduced cardiac output and tissue perfusion, as well as increased vascular resistance) (3) (4) (5) . This model of sepsis has been used extensively to study the pathophysiological and immunologic alterations in sepsis (6) .
Cytochrome P-450 (CYP) enzymes are a superfamily of heme proteins which is responsible for the metabolic activation or inactivation of most clinically used drugs and many toxins. CYP isoforms can be found in most tissues, but the largest concentrations of P-450 are found in the liver. The expression of P-450 enzymes is regulated by a variety of factors such as genetic polymorphism, drugs, hormones, development and diet (7) . Inflammatory mediators can cause changes in the activities and expression of the P-450 enzyme system. A large number of reports have shown that CYP isoforms and their activities are, for the most part, suppressed in animal models of endotoxemia as well as in cultured hepatocytes stimulated by endotoxin (7) (8) (9) (10) (11) . In this regard, a recent study from our laboratory showed that hepatic CYP1A2, the most predominant CYP isoform in the rat liver (12) , is downregulated during the progression of polymicrobial sepsis induced by CLP (13) .
Transcriptional activation of CYPs involves the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor as well as its nuclear translocator (Arnt) and a chaperone protein, heat shock protein 90 (HSP90) (14, 15) . Using a Kupffer cell-hepatocyte co-culture system, we recently showed that reduction in nuclear receptor AhR, due to the increased production of Kupffer cell-derived proinflammatory cytokines, tumor necrosis factor (TNF)-α and interleukin (IL)-1ß, plays an important role in suppressing hepatic CYP1A2 expression in sepsis (16) . However, the mechanism responsible for suppression of hepatic CYP1A2 in polymicrobial sepsis warrants additional investigations. Therefore, the objective of the present study was to further study the underlying mechanism responsible for the downregulation of CYP1A2 during polymicrobial sepsis. Various experiments were performed to determine whether sepsis-induced CYP1A2 downregulation was associated with and possibly caused by the reduction of AhR expression under such conditions.
Materials and methods
Animal model of sepsis. Male Sprague-Dawley rats (275-325 g), purchased from Charles River Laboratories (Wilmington, MA), were housed in a temperature-controlled room on a 12-h light/dark cycle and fed a standard Purina rat chow diet. Prior to induction of sepsis, rats were fasted overnight but allowed water ad libitum. Rats were then anesthetized with isoflurane inhalation, and the abdomen was shaved and washed with 10% povidone iodine. Cecal ligation and puncture (CLP) was performed as we previously described (4, 17) , and the animals were randomly assigned to various experimental groups. Hepatic tissues were collected at 5, 10, and 20 h after CLP or sham-operation for determination of CYP1A2 and AhR expression. In separate experimental groups, polymyxin B (PMB, an endotoxin-binding agent) was administered to observe its effect on hepatic AhR and CYP1A2 gene expression. At 0.5 h before CLP as well as 9 h after CLP, PMB (Sigma, St. Louis, MO) was administered intramuscularly at a total dose of 4000 U/kg (2000 U/kg each injection). This dosage was determined as optimal according to our previous experiment (18) . Hepatic tissues were collected at 20 h after the onset of sepsis or sham-operation (5-6 rats/group). PMB is an endotoxin-binding antibiotic, which binds and detoxifies lipid A. In vitro studies have confirmed that PMB neutralizes E. coli endotoxin activity (19) . All animal experiments were performed in accordance with the NIH guidelines for the use of experimental animals. This project was approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research.
Determination of AhR and CYP1A2 gene expression. The gene expression of AhR and CYP1A2 was determined using RT-PCR technique. The primers were as follows: 5' GGG ATC GAT TTC GAA GAC ATC AG 3' (sense), 5' AAC GCC TGG GAG CCT GGA ATC TC 3' (antisense) for AhR (NM-013149); and 5' GAA TCG GTG GCT AAC GTC AT 3' (sense), 5' CCA GAA GAT GGC TGT TGT GA 3' (antisense) for CYP1A2 (NM-012541). Rat glyceraldehyde 3-phosphate dehydrogenase (G3PDH, M17701: sense, TGA AGG TCG GTG TCA ACG GAT TTG GC and antisense, CAT GTA GGC CAT GAG GTC CAC CAC) served as a housekeeping gene. PCR was carried out in a Bio-Rad thermal cycler. PCR cycles were carefully tested in order to avoid the plateau phase of the amplification. Following the RT-PCR procedure, the reaction products were separated in 1.6% TBE-agarose gel containing 0.22 μg/ml ethidium bromide by electrophoresis. The gel was then photographed and the band density was determined by a digital image system (Bio-Rad, Hercules, CA). Target/housekeeping gene band density ratios were then calculated.
Determination of AhR and CYP1A2 proteins. The protein expression of AhR and CYP1A2 was measured by Western blot analysis. Briefly, proteins (25 μg) were fractionated on 4-12% Bis-Tris gel and transferred to 0.2-μm nitrocellulose membranes. Nitrocellulose blots were blocked by incubation in TBST (10 mM Tris-HC1, pH 7.5, 150 mM NaC1, 0.1% Tween-20) containing 5% milk for 1 h. Blots were incubated with rabbit anti-rat AhR polyclonal antibody (1:600; Biomol Research Laboratories Inc., Plymouth Meeting, PA), or goat anti-rat CYP1A2 serum (1:600; Daiichi Pure Chemicals, Tokyo, Japan) overnight at 4˚C, respectively. The blots were then washed in TBST for 5x10 min. Blots were incubated with HRP labeled anti-rabbit (1:10,000) or anti-goat (1:4000) IgG for 1 h at room temperature. The blots were then washed in TBST for 5x10 min. To reveal the reaction bands, the membrane was reacted with the ECL Western blot detection system (Amersham, Piscataway, NJ) and exposed on X-ray film. The Bio-Rad GS-800 Calibrated Densitometer analysis system was used to quantitate the Western blots. This system selects the contour of the band, subtracts the background and calculates the density.
Immunohistochemistry. The liver tissues were collected 20 h after CLP or sham-operation (n=4 rats/group) and immediately fixed in the neutralized 4% paraformaldehyde solution overnight. They were then dehydrated and embedded in paraffin through the standard histology procedure. The paraffin sections were dewaxed and rehydrated followed by the microwave antigen retrieval procedures. To retrieve the antigen, slides were soaked in 20% citric acid buffer, pH 6.0 (Vector Labs, Burlingame, CA) and kept at 95˚C for 15 min. The slides were cooled at room temperature for 5 min and rinsed with TBS. Endogenous peroxidase was blocked by reaction with 2% H 2 O 2 . The slides were then incubated in 2% normal goat serum for 1 h to block the nonspecific binding followed by incubation in 1:100 rabbit anti-AhR polyclonal antibodies (Biomol) overnight at 4˚C. After washing, the sections were reacted with 1:200 biotinylated anti-rabbit IgG secondary antibodies (Vector Labs). The Vectastain ABC and DAB substrate kits (Vector Labs) were used to reveal the immunohistochemical reaction. Normal rabbit IgG was substituted for the primary antibody as the negative control.
Hepatoma H-4-II-E cell culture and stimulation. Rat hepatoma cell line H-4-II-E cells (ATCC, Manassas, VA) were cultured in Eagle's minimum essential medium (ATCC) with 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA). H-4-II-E cells were stimulated with proinflammatory cytokines, TNF-α (5.0 ng/ml) or IL-1ß (2.5 ng/ml) (both from Biosource International, Camarillo, CA) for 48 h. Proteins isolated from these cells were used for Western blot analysis.
Statistical analysis. Data are presented as means ± SE. Oneway analysis of variance (ANOVA) and Tukey's test were utilized for the comparison among different groups. The difference was considered significant at P≤0.05.
Results
Alterations in hepatic AhR expression in septic animals. The expression of both the AhR gene and protein in the liver was assessed at 5, 10, and 20 h after the onset of sepsis. The results indicated that hepatic AhR gene expression decreased by 43% at 5 h (P<0.05), and remained significantly reduced at 10-20 h after CLP (Fig. 1) . Similarly, AhR protein levels were also significantly reduced at 5, 10, and 20 h after CLP (by 30-59%, Fig. 2 ). The finding that the AhR gene and protein expression decreased significantly as early as 5 h after the onset of sepsis suggests that the downregulation may have occurred even earlier than 5 h post CLP. Our previous studies showed that hepatic CYP1A2 expression decreased at 10-20 h after CLP (13) . The fact that AhR downregulation occurs earlier than that of CYP1A2 may suggest a cause and effect relationship. Immunohistochemical examination showed that AhR protein staining was mainly located in the hepatocyte cytoplasm in sham animals (Fig. 3A) . The translocation of AhR from the cytoplasm to the nucleus was observed in septic animals at 20 h after CLP (Fig. 3B) . As AhR activates the specific gene expression by binding to the target genes, the translocation of AhR to the nucleus in sepsis would suggest that alterations at AhR binding sites may also contribute to the downregulated CYP1A2 expression in sepsis.
Effects of endotoxin neutralization on hepatic AhR and CYP1A2 gene expression in sepsis.
To determine whether endotoxin plays a role in downregulating AhR and CYP1A2 expression in sepsis, PMB was administered to neutralize circulating endotoxin in septic animals. The gene expression of AhR and CYP1A2 was assessed in the liver at 20 h after the onset of sepsis. The results indicated that AhR gene expression decreased significantly 20 h after CLP, and PMB treatment did not affect the diminished expression (Fig. 4A) . Likewise, the downregulated CYP1A2 gene expression after sepsis was not affected by PMB treatment (Fig. 4B) . These results suggest that AhR and CYP1A2 downregulation in sepsis may not be directly caused by the increased endotoxin.
Effects of TNF-α and IL-1ß on AhR and CYP1A2 in hepatoma cell culture.
Since administration of PMB in sepsis did not prevent the downregulation of hepatic AhR and CYP1A2 gene expression, we hypothesized that the reduced AhR and CYP1A2 expression may be caused by proinflammatory cytokines. To study this, hepatoma cells (H-4-II-E) were cultured with or without proinflammatory cytokine TNF-α (5.0 ng/ml) or IL-1ß (2.5 ng/ml) for 48 h. The results indicated that incubation of the hepatoma cells with TNF-α decreased AhR protein expression by 36% (P<0.05, Fig. 5 ) and CYP1A2 protein expression by 40% (P<0.05, Fig. 6 ). Similarly, incubation of the hepatoma cells with IL-1ß for 48 h significantly reduced AhR (Fig. 5 ) and CYP1A2 protein expression (Fig. 6 ). These results suggest that the elevated levels of proinflammatory cytokines in sepsis may play an important role in producing the downregulation of hepatic AhR and CYP1A2 expression.
Discussion
By using an animal model of polymicrobial sepsis, we demonstrated that the AhR gene and protein expression in the liver decreased significantly after the onset of sepsis (i.e. 5-20 h after CLP). It was also observed that the translocation of AhR from the cytoplasm to the nucleus occurred in septic animals. Furthermore, the downregulation of hepatic AhR and CYP1A2 observed in septic animals did not appear to be due to the elevated endotoxin levels, but appeared to be caused by proinflammatory cytokines TNF-α and IL-1ß. As AhR gene expression decreased earlier than the occurrence of depression of CYP1A2 (CYP1A2 decreased at 10-20 h post CLP), the decreased AhR may play an important role in the downregulation of hepatic CYP1A2 in polymicrobial sepsis. Nuclear receptors such as AhR represent a superfamily of ligand-modulated transcription factors. They mediate a variety of physiological responses to steroids, retinoids, thyroid hormones, and various xenobiotics (20) . These receptors play a key role in development and cell differentiation, as well as organ physiology (21) . Steroid hormones can enter the cell by simple or facilitated diffusion and then transduce their signals to the genome via intracellular receptors (22) . After binding to its receptor, the hormone-receptor complex moves from the cytoplasm to the nucleus, undergoing allosteric changes that enable the complex to bind to high affinity sites in the chromatin and modulate gene transcription (23, 24) . Several studies have indicated that the transcription of the CYP1A2 gene is mediated at least in part through the AhR signaling pathway (25) (26) (27) . This observation is further supported by the finding that the human hepatoma cell line SK-Hep-1, which expresses defective AhR, is associated with the lack of CYP1A2 expression (28) . In the absence of stimulation, AhR exists as a non-DNA-binding, ~300 kDa heteromeric complex, associated with the molecular chaperone HSP90 in a 1:2 ratio in the cytosol (29) . Upon stimulation, the AhR-HSP90 complex enters the nucleus and subsequently dissociates, enabling AhR to be phosphorylated by tyrosine kinase. Activated AhR then forms a heterodimer complex with its nuclear translocator (Arnt) (30) . Within the nucleus, the AhR-Arnt complex recognizes and binds to the specific regulatory sequences known as the dioxin responsive element (DRE) at the promoter region, and initiates the transcription of the CYP1A2 gene (31) (32) (33) (34) . Using a polymicrobial sepsis model, we recently showed that CYP1A2 gene expression and its protein decreased significantly only at 10-20 h after CLP (13) . In the present study, we further extended the observation and found that AhR gene expression and protein were decreased earlier. These observations point to a possible cause and effect relationship of the downregulation of AhR and CYP1A2 during the progression of polymicrobial sepsis.
Increasing interest has been focused on the alteration of cytochrome P-450 contents and activities in inflammation and related pathophysiological conditions (35, 36) . We focused on the changes of the isoform CYP1A2 after the onset of sepsis in the present as well as the previous study (13) . CYP1A2 was chosen because it is the most predominant isoform of the P-450 enzyme system in the rat liver. CYP1A2 is involved in the metabolism of various exogenous agents such as theophylline, imipramine, and naproxen and is inhibited by chemicals such as cimetidine and fluroquinolones (7). Our results showed that both CYP1A2 and AhR gene expression was reduced at 20 h post CLP. Moreover, the downregulated AhR and CYP1A2 gene expression was not reversed by inhibition of endotoxin with PMB. This would suggest that endotoxin by itself does not appear to directly reduce AhR and CYP1A2 gene expression after CLP. In contrast, CYP1A2 and AhR protein expression decreased significantly following the stimulation with TNF-α and IL-1ß in hepatoma cells. Therefore, the decrease in CYP1A2 and possibly AhR can be partially explained by the observation that proinflammatory cytokines such as TNF-α, IL-1ß, and IL-6 may signal the decreased expression of CYP1A2 mRNA in hepatocytes as well as in hepatoma cell cultures (7, (36) (37) (38) . Previous studies have clearly indicated that the levels of these proinflammatory cytokines increase significantly in sepsis (39) . Studies have suggested that proinflammatory cytokines released from Kupffer cells may directly downregulate P-450 enzymes in hepatocytes (40) . It is therefore possible that gut-derived mediators, which stimulate Kupffer cell TNF-α production and/or release in sepsis, could have a downregulatory effect on the hepatic AhR and P-450 enzyme system. Although our study was not designed to determine other mechanisms that regulate P-450, the close correlation between the increased proinflammatory cytokines and the decreased CYP1A2 proteins in hepatoma cells indicates the notion of a drug-cytokine interaction following inflammation (7, 41) . Nonetheless, our present study suggests that AhR downregulation plays at least a partial role in reducing CYP1A2 expression in the liver during sepsis.
In summary, our results indicate that proinflammatory cytokines, but not the direct effects of endotoxin, play an important role in downregulating hepatic CYP1A2 expression in sepsis. The reduction of AhR expression may be the underlying mechanism responsible for such downregulation.
